Introduction
Cardiac function is under tight control of the autonomic nervous system (ANS) with its parasympathetic and sympathetic branches. 1, 2 The sympathetic control of myocardial contractile force, frequency, and conduction has been analysed in great detail, as has been the regulation of vascular tone. 3 Comparably, little is known about the sympathetic control of cardiac non-myocytes including immune cells, which are subject to sympathetic control in other organs. 4, 5 In agreement with its central role in cardiac physiology, targeting effector pathways of the sympathetic nervous system (SNS) has evolved as a cornerstone of medical therapy for a number of cardiac conditions. Chronic heart failure is accompanied by activation of the SNS, which by itself is a strong negative predictor of outcome. 6, 7 Antagonists at beta1-adrenoceptors-one of the main receptors for norepinephrine released by sympathetic nerve endingsprevent these detrimental effects and effectively reduce mortality in heart failure. Beta1-adrenoceptor antagonists are similar standard therapy to prevent heart failure after myocardial infarction (MI). The latter has been shown to exert drastic changes of the cardiac SNS, with a transient loss of myocardial sympathetic innervation followed by a phase of overshooting nerve remodelling (also termed hyperinnervation [8] [9] [10] .
MI also triggers a massive inflammatory response characterized by early neutrophil invasion followed by monocyte/macrophage recruitment. [11] [12] [13] Mutual control of MI-induced sympathetic remodelling and the cardiac inflammatory response has been proposed. It is unclear, at present, whether cardiac immune cells regulate sympathetic
reinnervation 14 or whether the SNS controls immune cell accumulation. 15 The mammalian myocardium receives terminal sympathetic nerve fibres from several ganglionic structures, namely the superior cervical ganglia (SCGs), the stellate ganglia, and upper thoracic ganglia (until Th6 16, 17 ) . Their efferent branches to the heart (extrinsic sympathetic nervous system) project to all vessels and regions of the myocardium where they form an intricate network with each other (intrinsic sympathetic nervous system 18 ) and also with vagal nerve endings. 19 Therefore, in the adult heart, single sympathetic nerve fibres cannot be traced to a defined extracardiac ganglionic structure. 20 However, it is well established that in mice within the ventricular myocardium, the stellate ganglion primarily projects to the dorsal side, whereas the SCG preferentially innervates the anterior myocardium. 20 This part of the ventricle is nourished by the left anterior descending artery (LAD), whose obstruction is the most frequent basis of large transmural infarctions. 21 A current obstacle towards the elucidation of the mechanisms underlying these intriguing observations and questions is the lack of methodology to specifically and locally interfere with the myocardial SNS. We therefore aimed to establish an animal model in mice that would allow primarily for denervation of the anterior ventricular wall. Upon validating its effectiveness in reducing myocardial sympathetic nerve density, we tested its effect in a mouse model of heart failure post-myocardial infarction.
Methods

Animal models
All mice used were on a C57BL6/N genetic background. MI was induced on 8-10-week-old male mice. Subcutaneous injection of buprenorphine (0.08 mg/kg) was used for preoperative and postoperative analgesia. Mice were anaesthetized in an induction chamber with 4% isoflurane mixed with 0.5 L/min of 100% O 2 , while the anaesthesia during the surgery was maintained at 1.5% isoflurane with 0.5 L/min O 2 . To maintain the body temperature, the mice were operated on a heating plate (36 C). Partial thoracotomy was performed, and the pericardium was opened. MI was induced by ligation of the proximal part of the LAD using an 8.0 silk suture. In sham surgery, only the chest and pericardium was opened but no LAD ligation was carried out.
The technique of the SCG removal (SCGx) was performed as described previously for rats. 22 After induction of anaesthesia and intubation, a vertical neck incision ($10 mm) was made and kept open using placeholders. Next, the salivary glands were carefully dissected from the caudal adhesive tissue and flipped aside. The position was then corrected by adjusting the lower two placeholders (with expanded surface). With blunt forceps, the sternocleidomastoid muscle was lifted, moved aside, and held using the upper two, thinner placeholders. Lateral positioning of the sternocleidomastoid muscle allowed for clear visibility of the carotid artery. The common carotid artery (CCA) was followed in cranial direction to locate the carotid bifurcation (in internal and external carotid arteries). The almond-shaped SCG is located behind the carotid bifurcation. This approach exposed the preganglionic and postganglionic branches of the SCG, facilitating complete removal of the ganglion itself. The ganglionic cell body was fully extracted by shifting the external carotid artery to the lateral side using a special 90 angled forceps. Finally, the SCG was detached from the sympathetic chain and the SCG tissue was collected ( Figure 1A) . Complete cardiac sympathetic denervation was achieved by additional removal of the SCG on the contralateral side. The SCG should never be extracted from the ventral side, as this may damage the carotid artery resulting in bleeding and cerebral infarction in mice. 22 In a combined SCGx and MI surgery (MI þ SCGx), bilateral ganglionectomy (SCGx) was performed first followed by LAD ligation (MI). Fourteen days after the intervention, mice were euthanized by cervical dislocation after echocardiographic measurement and under anaesthesia with isoflurane. The survival rates for MI alone and MI þ SCGx were comparable as well as for sham and SCGx alone. After SCGx removal, no behavioural abnormalities could be observed.
Blood samples were obtained from retrobulbar venous plexus 24 h after surgery. Mice were therefore anaesthetized with isoflurane. For plasma extraction, blood was collected in heparinized tubes and centrifuged at 2000 Âg for 5 min. Troponin T was determined by a highsensitive cardiac troponin t (hs-cTnT) assay based on chemiluminescence. These measurements were performed at the German Heart Centre Munich.
All animal studies were performed in accordance with relevant guidelines from the Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes. Approval for all animal experiments was granted by local authorities (Regierung von Oberbayern).
Echocardiography
Cardiac function was assessed by transthoracic echocardiography. Echocardiographic monitoring was carried out before surgery and at the end of the experiment before the tissue was harvested. Ultrasound gel was applied to the clean-shaved chest of isoflurane-anaesthetized mice. For preoperative preparation, the shaving included not only the chest but also the neck, dependent on the surgical intervention (for SCGx and MI þ SCGx). Echocardiography was carried out using an ultrasound system with a linear transducer with 32-55 MHz frequency (VisualSonics, Toronto, Canada) combined with Vevo 770 software. B-mode tracings in the long-axis views were recorded, and dimensions of systolic and diastolic myocardium were measured. Parameters are calculated according to the VisualSonics standard measurements and calculations. Echocardiographic speckle-tracking-based strain imaging was analysed with the Vevo strain software as previously described. 23, 24 Two cardiac cycles, which were not disturbed by respiration or other interruptions, were selected. Next, in the long-axis B-mode picture, endocardial and epicardial traces were delineated and reviewed. In case of deviations, the trace was adjusted accurately to the wall movement.
Histochemical and immunohistochemical analyses
Cryosections (10 lm) of LV myocardium were stained with Sirius Red/ Fast Green as previously described. 25 Whole heart images were taken with a 10Â objective using an AxioObserver Z1 (Zeiss, Oberkochen, Germany) motorized scanning stage microscope (130 Â 85; Märzhäuser). MetaMorph software (version 7.7; Molecular Devices, Sunnyvale, CA, USA)) was applied for scar quantification. Infarct scar was measured as the ratio of Sirius Red to Fast Green signals in each section.
For the analysis of immune cells and nerve formation, myocardial sections (20 lm) were fixed with acetone for 15 min at -20 C (CD68, actinin, tyrosine hydroxylase (TH)] or 5% paraformaldehyde (PFA) for 10 min at room temperature [CD45, CD3, and Ly6G). After permeabilization with 1% Triton-X and blocking with 5% bovine serum albumin, sections were incubated with primary antibodies against CD68 (AbD Serotec, Raleigh, NC, USA; catalogue number: MCA1957), CD45
(Abcam, Cambridge, UK; catalogue number: AB23910), CD3 (Abcam, catalogue number: ab16669), Ly6G (BD Pharmingen, Franklin Lakes, NJ, USA; catalogue number: 551459), sarcomeric actinin (Abcam, catalogue number: ab68167) or TH (Millipore, Burlington, MA, USA; catalogue number: AB152) overnight at 4 C. Nuclei were detected by staining with 4 0 , 6-diamidino-2-phenyldole (DAPI). The sections were then incubated with respective secondary antibodies conjugated to either Alexa Fluor 488 (goat anti-rabbit immunoglobulin G (IgG); Life Technologies, Carlsbad, CA, USA; catalogue number: A-11034) or 594 (donkey antirat IgG, Life Technologies catalogue number: A-21209).
For immune cell count whole heart images were obtained as described earlier for the Sirius Red/Fast Green staining. TH images were taken with the 63Â objective. CD45, CD68, Ly6G, and CD3-positive cells were measured after defining the width (4-35 lm) of the marked cells. These data were normalized to the number of nuclei, which was acquired by counting the DAPI-positive dots. The quantification of nerve density was obtained using the angiogenesis tube formation tool of the MetaMorph software.
Cardiac myocyte hypertrophy was assessed by staining 10 mm slices of LV myocardium with Alexa Fluor 647-conjugated wheat germ agglutinin (WGA). Sections were washed with phosphate-buffered saline, fixed with 5% PFA for 10 min at room temperature, and incubated with WGA for 1 h. Sytox green (incubation at room temperature for 10 min) was used to detect nuclei. Images were acquired using confocal microscopy (Leica TCS SP5 II) and then analysed with the MetaMorph software. 26 For each heart, an average of three images from different regions of the LV, in the setting of LAD ligation only images from the remote area were taken.
Quantitative real-time polymerase chain reaction
RNA was prepared from the tissue samples using the peqGOLD RNApure (peqlab, Erlangen, Germany), then 500 ng of RNA was reverse For better overview, the sternocleidomastoid muscle has not been pictured. (Lower panels) Surgical procedure of SCG removal (SCGx). A vertical incision is applied to the skin of the clean-shaved neck at the height of the cervical vertebrae C1/C2. Exposed glandular tissue and the sternocleidomastoid muscle are then pulled to the side to expose the CCA. The SCG is located behind the bifurcation of the CCA into the internal (ICA) and the external carotid artery (ECA). Next to the CCA, the vagal nerve is situated. Finally, the preganglionic and postganglionic nerves of the SCG are cut with a scissor and the ganglion is Local sympathetic denervation post-MI in mice transcribed with Protoscript reverse transcriptase (NEB, Frankfurt am Main, Germany), as defined by the manufacturers' manuals. Application of FastStart universal SYBR Green master mix (Roche, Basel, Switzerland) was used to amplify target complementary DNA sequences by quantitative real-time polymerase chain reaction (PCR). The target messenger RNA (mRNA) was flanked by the specific primers listed below to examine gene expression in the tissue. For the validation of primer specificity, the dissociation curve was plotted. A single well contained a total volume of 12.5 ll consisting of 1Â SYBR Green master mix, 10 pmol of each primer, and 10 ng of template. With the StepOnePlus Real-Time PCR system (Applied Biosystems, Waltham, MA, USA) PCR was executed.
The following primer sequences for murine tissue were used (gene subsequent sequences of forward and reverse primers): Cx3cr1 (5 0 -TGC CTT CTT CCT CTT CTG GA-3 0 , 5 0 -TAA AGG GGT TGA GGC AAC AG-3 0 ); HPRT (5 0 -GCA GTA CAG CCC CAA AAT GG-3 0 , 5 0 -AAC AAA GTC TGG CCT GTA TCC AA-3 0 ), Tnf-a (5 0 -CGA GTG ACA AGC CTG TAG CC-3 0 , 5 0 -GGT GAG GAG CAC GTA GTC G-3 0 ), and Il-10 (5 0 -AGC TGA AGA CCC TCA GGA TG-3 0 ; 5 0 -TGG CCT TGT AGA CAC CTT GG-3 0 ).
Western blotting
Tissue lysates were acquired by direct lysis at 4 C in a 50mM Tris buffer (pH 6.7) comprising 2% SDS, 1 mM Na 3 VO 4 and protease inhibitor (Thermo Fisher, Waltham, MA, USA). Corresponding to protein size, the proteins (10-20 lg) were separated by SDSpolyacrylamide gel electrophoresis in gels containing 10-12% acrylamide, followed by western blotting as described previously. 27 Primary antibodies against nerve growth factor (NGF; catalogue number: sc-548) and Hsp90 (catalogue number: sc-13119) were obtained from Santa Cruz (Dallas, TX, USA), secondary antibodies raised against rabbit (catalogue number: 111-035-144) and mouse (catalogue number: 115-035-003) from Dianova (Hamburg, Germany). The bands were quantified using Multi Gauge software. Hereby the AU (arbitrary unit)-BG (background) values of pro-NGF were divided through values of HSP90 after background subtraction.
Statistical analysis
Data was presented as mean ± SEM. Statistical analysis was performed using GraphPad Prism software package (version 6). Data distribution was assessed by D'Agostino-Pearson omnibus test, Shapiro-Wilk test, and Kolmogorov-Smirnov test for normality. Differences between the two means were tested using two-tailed unpaired Student's t-test for Gaussian distributed data. Analysis of variance followed by Bonferroni test (normal distributed data set) or Kruskal-Wallis test (non-normal distributed data set) were used as appropriate and indicated in the figure legend. P < 0.05 was considered statistically significant.
Results
Surgical removal of the SCGs effectively reduces sympathetic innervation of the LV myocardium
Mice were anaesthetized and intubated before neck incision and retraction of the salivary glands (Figure 1) . Next, the sternocleidomastoid muscle was drawn back with a placeholder to expose the common carotid artery (CCA). Following the CCA in cranial direction, the carotid bifurcation was localized and bluntly prepared from its underlying tissue.
The external carotid artery (ECA) was then carefully flipped laterally to expose the SCG, which can then be localized directly underneath the carotid bifurcation (lower panel in Figure 1A) . Next, the upper (preganglionic) and the lower (postganglionic) branches were cut with a scissor and the now disconnected ganglion removed. The same procedure was then repeated on the contralateral side (see also Methods for further details on surgical methodology). To validate that the removed structure indeed contained the ganglionic sympathetic neurons, we stained cryosections with an antibody directed against TH ( Figure 1B left panel) , the rate-limiting enzyme during catecholamine synthesis and a specific marker for the SNS. 28 All of the putative ganglionic structures tested with this procedure (n = 7) stained positive for TH with no signal detectable in the absence of the primary antibody (right panel in Figure 1B) . We then used staining for TH to detect and quantify the presence of sympathetic nerve endings in the lower anterior wall of the left ventricle and to determine the effect of bilateral surgical removal of the SCG ( Figure 1C) . Fourteen days after bilateral SCGx, we found the lower LV wall to be essentially devoid of any immunoreactivity for nerve endings compared to the base region of the anterior wall or sham-operated animals. Unilateral SCGx indicated that the left and right SCGs comparably contribute to the sympathetic innervation of the anterior wall (see Supplementary material online, Figure S1 ).
Sympathetic denervation prevents cardiac myocyte hypertrophy after MI
We next sought to determine the effect of sympathetic denervation of the anterior wall on the development of myocardial remodelling and inflammation in this region and examine to what extent it affects global cardiac function following MI. Figure 2A provides a scheme depicting the experimental outline. Three days prior to MI surgery, echocardiography was taken, and the animals were randomly assigned to one of the four different groups, i.e. a sham group, a sympathetic denervation group (SCGx), an MI group (MI) and an MI group with concomitant sympathetic denervation (MI þ SCGx). Twenty-four hours post-surgery, troponin T levels were determined in venous blood samples, and the animals were then followed up for a total of 2 weeks before functional analysis by echocardiography and harvesting of the tissue (Figure 2A) . Determination of plasma troponin T (cTnT) determined 24 h after LAD ligation were similar between mice subjected to MI alone compared to those with concomitant sympathetic denervation, indicating that the ischaemic loss of cardiac myocytes was similar in both groups ( Figure 2B) . In a first series of analyses, we then sought to assess the effect of sympathetic denervation on scar formation and structural remodelling ( Figure  2C-E) . Planimetric determination of infarct sizes in tissue sections stained with Sirius Red/Fast Green indicated medium-to large-sized infarcts in both MI groups. MI induced significant cardiac hypertrophy (as evidenced by an increase in heart weight-to-tibia length ratio) in control treated mice but not in mice subjected to sympathectomy (Figure 2E) , albeit the inherent variation of this parameter did not allow for statistical significance upon comparison of the MI and MI þ SCG groups. However, quantitative analysis of cardiac myocyte dimensions in sections stained with the membrane stain WGA revealed a prominent and highly significant inhibition of MI-induced cardiac myocyte growth upon denervation ( Figure 2F) . To assess whether removal of the SCGs had led to effective sympathetic denervation of the LAD region also after MI, we stained tissue sections from this region for TH as in Figure 1 and determined the protein levels of nerve growth factor precursor (pro-NGF) by western blotting of myocardial protein lysates. Consistent with our results 
obtained in non-infarcted animals (Figure 1) , local sympathetic denervation (SCGx) resulted in a drastic reduction of pro-NGF levels ( Figure 2G ) and reduced staining for TH ( Figure 2H ).
Reduced inflammatory cell infiltration upon sympathetic denervation
Because MI triggers a massive inflammatory response, we sought to determine whether it is dependent on local sympathetic regulation. To this end, we examined the number of CD45 (common marker for leucocytes) and CD68 (macrophage marker)-positive cells in LV myocardium of animals from the four different study groups. As expected, MI induced a prominent and long-lasting myocardial infiltration of inflammatory cells, the majority of which stained positive for CD68, identifying them as macrophages ( Figure 3) . SCG removal led to a significant decrease of these cells ( Figure 3A-D) . Interestingly, tendencies to reduced numbers of macrophages after SCG were also observed in non-infarcted animals and in the non-ischaemic (remote) myocardium of infarcted hearts (grey symbols in Figure 3 left panel and blue symbols in Figure 3 
the anti-inflammatory molecule Il-10 upon sympathetic denervation and LAD ligation ( Figure 3E-G) . Other immune cells, e.g. neutrophils and T cells, were present at much lower numbers (<1.5% vs. up to 30% for macrophages, see Supplementary material online, Figure S2 ).
Local sympathetic denervation improves cardiac function after MI
Finally, we assessed the effect of sympathetic denervation of the anterior wall on global cardiac function and the functional impairment following MI. Fourteen days after the intervention echocardiography revealed significantly improved cardiac function of mice subjected to combined MI and SCGx compared with MI alone (Figure 4A-C) .
Sympathectomy may be expected to affect cardiac frequency. To determine whether the later was indeed the case, we analysed among other parameters the heart rate of all four groups and found it to be essentially unchanged (see Supplementary material online, Figure S3 ).
In addition, we determined LV strain as a sensitive measure for LV function, which is less operator dependent and independent from LV hypertrophy ( Figure 4D-H) . LV strain imaging indicated better LV global myocardial function, with significant higher radial ( Figure 4E ) Local sympathetic denervation post-MI in mice and longitudinal ( Figure 4F ) strain and radial displacement ( Figure 4G and H) in mice subjected to MI and SCGx compared to MI alone.
Discussion
Chronic activation of the SNS occurs in heart failure and has been identified as a key pathophysiological element contributing to disease progression. 29 Consequently, the SNS has been the target of a wide variety of therapeutic interventions in a number of clinical conditions. 30 While current standard therapeutic regimens (such as beta-blockers) aim at the effector cellular pathways of the SNS, therapeutic strategies directly inhibiting SNS function have been less successful. 31 For example, experimental global sympathetic denervation using 6-hydroxydopamine (6-OHDA) had adverse effects on cardiac function and remodelling 32 and also pharmacological inhibitors of sympathetic tone exerted limited clinical efficacy. 6 As an alternative to systemic inhibition of the SNS, a number of approaches have been developed that aim at the local interference with the sympathetic innervation of the heart. 33 These include the surgical removal of the stellate ganglion (stellectomy 34, 35 ) or injection of ethanol into the latter (chemical sclerosis 36 ).
Most recently, data from Manousiouthakis et al. 20 suggested that the LV anterior wall is innervated by sympathetic nerves derived from the SCG. However, whether selective interference with SCG-derived sympathetic innervation would affect the cardiac response in disease has not been tested till date, hindering mechanistic studies as to the molecules and cells involved in the cardiac response to sympathetic activation.
In this study, we have developed an approach to interfere with the sympathetic innervation of the LV anterior wall in the mouse. Our method permits a simple, fast, and selective intervention, allowing us to address the role of local sympathetic control in post-MI cardiac dysfunction. SCG removal effectively prevented cardiac dysfunction together with a reduction of cardiac macrophage numbers. These findings suggest that indeed neuroimmune crosstalk occurs in the heart and that it may determine cardiac remodelling and dysfunction. As our experiments do not provide formal proof of direct nerval control of myocardial immune cells, other myocardial cell types may also be involved, an interesting topic for future studies.
The immune and the nervous systems intensely interact and mutually control each other. 37 In peripheral tissues, the sympathetic nervous system has been demonstrated to regulate key processes of immune cell function, such as the release of monocytes from the bone marrow compartment, 38 tissue programming of macrophages, 4 the cytokine expression profile of various immune cells, 39 and the antibody production of B cells. 40 A detailed picture of the signalling pathways and molecules involved that execute these diverse functions is only gradually evolving. Upon their activation, postganglionic sympathetic fibres release norepinephrine together with a number of cotransmitters (e.g. adenosine triphosphate). Norepinephrine exerts its function on recipient cells through the binding and activation of adrenoceptors, among which the beta-2-adrenoceptor and the beta-3-adrenoceptor have been assigned critical roles in regulating immune cell function or their mobilization. 37, 41 Given its central role in physiology, sympathetic control of immune cell functions has been studied in a number of immunological diseases and implicated in their pathogenesis. Rheumatoid arthritis, asthma, sepsis, colitis, and several other immunological diseases have all been linked to neuroinflammatory disorders, based on the abnormalities in ANSdependent control of immune cell functions. 42 It is only recently that this important regulatory axis is investigated in the heart and in myocardial disease. 43 Gu et al. 44 observed a lower number of ED-1 cells (monocyte-derived macrophages) in ventricular myocardium upon treatment with artemisinin, which among other effects leads to a systemic inhibition of sympathetic nervous system function. Also, decreased reinnervation of remote myocardium post-MI has been reported upon depleting macrophages with systemic clodronate, 14 suggesting mutual control between immune cells and innervating sympathetic fibres. Although important, the above studies were not able to provide evidence that it is the activity of local, i.e., intracardiac nerves that control myocardial immune cells as opposed to systemic effects exerted by anti-sympathotonic or antimacrophage agents. Our data obtained with local denervation now provide further evidence that sympathetic innervation controls local cardiac inflammation. The neural regulation of cardiac tissue macrophages appears to be involved in the development of cardiac failure, as interference with it was paralleled by altered development of disease. This model of local and surgical denervation and its applicability to genetically altered mice should prove useful to answer such questions and to delineate the underlying molecular mechanisms.
Our study also has a number of limitations, which should be addressed in future studies. This study was restricted to a single time point (i.e. 14 days) after MI and sympathectomy. It appears well conceivable that sympathetic denervation also affects the early phase of myocardial inflammation, where other immune cells (neutrophils and monocytes) are prevailing and several lines of evidence support this notion. 15, 45 Nevertheless, we found the scar size after MI unaltered by SGx at the time of ischaemia, suggesting that sympathetic denervation protects the cardiac myocyte from post-MI dysfunction through mechanisms that are independent from the acute ischaemic loss of cardiac myocytes and possibly also independently from effects on early inflammation. It will be intriguing to test whether sympathetic denervation carried out at later time points (i.e. beyond the acute inflammatory phase) has similar effects on cardiac macrophage presence and overall cardiac function. Another aspect we did not address is whether sympathetic devervation interferes with vessel function and whether this would influence the inflammatory response after MI.
The answer to these questions may ultimately lead to more specific therapeutic interventions with myocardial inflammation. In the light of a generally modest long-term effect of systemically applied, broad antiinflammatory treatments post-MI, 46, 47 our data call for further studies into more specific and localized interventions.
